INTRODUCTION
Many terrestrial plants increase their defenses in response to damage by herbivores (see reviews by Karban & Myers 1989 , Tallamy & Raupp 1991 , Karban & Baldwin 1997 . Such inducible defenses are distinguished from constitutive defenses in that they are produced or enhanced as a direct result of grazing. Inducible defenses are believed to be advantageous to plants under conditions where the probability of grazing is unpredictable or intermittent, the presence of grazers provides some reliable nonfatal cue, and there are costs associated with maintaining defenses in the absence of grazers (Adler & Harvell 1990 , Harvell 1990 . Like plants, the architecture of clonal animals is especially conducive for the evolution of inducible defenses in several respects: most are sessile and are subject to partial predation, which provides a reliable, nonfatal cue to the presence of grazers, and allows the remaining parts of the clone to survive and employ inducible defenses (Harvell 1990 ). In addition, the costs of producing enhanced defenses may be distributed among clone-mates (Harvell & Padilla 1990 ). Examples of predation-induced defenses have been found in several clonal animals, including a sponge (Hill & Hill 2002 ), a bryozoan (Harvell 1986 (Harvell , 1992 ABSTRACT: In clonal organisms, such as corals, one consequence of partial predation may be an elaboration of defenses in remaining portions of the clone, thereby reducing the probability or severity of future predation events. Inducible defenses have been found in terrestrial and marine plants and in several taxa of marine invertebrates. Predators can detect differences in various aspects of prey quality that translate into preferences for certain prey items. Differences in quantity or types of defenses may determine which species, individuals or parts of a prey item are consumed. Coralfeeding butterflyfishes show distinct preferences for certain coral species, and may prefer particular individuals of a species over others. This study examines the potential for inducible defenses in a hard coral in response to grazing by a natural coral predator, the butterflyfish Chaetodon multicinctus. Pairs of genetically identical fragments of the Hawaiian coral Porites compressa were exposed to grazed and ungrazed treatments. These colonies were then offered to naïve fish in preference tests at various intervals following the treatment period. Grazing by butterflyfishes induced changes in polyp behavior (prolonged withdrawal of coral polyps) in the short term, and increases in nematocyst density over the longer term, and these changes were associated with reductions in palatability and subsequent predation rates on the damaged corals. These inducible responses may play a role in regulating the intensity of grazing, and ultimately territory size and the density of corallivorous reef fishes.
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Resale or republication not permitted without written consent of the publisher 1999), a gorgonian (West 1997 ), a hydroid (Gaulin et al. 1986 ) and numerous species of zooplankton (reviewed by Havel 1987 , Tollrian & Harvell 1999 .
Hard corals are long-lived sessile animals, many of which form colonies of polyps belonging to a clone. Like plants, the capacity for rapid regeneration of damaged tissue enables corals to survive a large degree of partial predation (Hughes & Jackson 1985 , Glynn 1988 , Meesters et al. 1996 , Gochfeld 1997 , although intense grazing might preclude regeneration of lost tissue and could ultimately cause colony mortality (Kinzie 1970 , Bak & Steward-Van Es 1980 , Gochfeld & Aeby 1997 . Because clones can both survive and regenerate following grazing, there is the potential for defenses to be induced in either remaining and/or newly produced tissue. Corals are also able to respond behaviorally to grazing by withdrawing their polyps into the corallum. Although predation-induced defenses in hard corals have not been previously reported, many hard corals produce highly modified nematocyst-laden sweeper tentacles in response to competitors (Richardson et al. 1979 , Wellington 1980 , Chornesky 1983 .
Porites compressa is the most abundant coral on shallow reefs in Hawaii (Jokiel 1987) , and although this species commonly occurs in territories of coralfeeding butterflyfishes, it is of consistently low preference to these fish in both laboratory and field studies (Reese 1977 , Hourigan et al. 1988 , Tricas 1989a . Low preference may result from colony morphology, low nutritional content, high handling time, nematocyst size or density, or noxious secondary metabolites (Hourigan 1987 , Hourigan et al. 1988 , Tricas 1989a .
Many coral-feeding butterflyfishes defend territories in which they perform all of their foraging activities. For some species, the same pair of fish may occupy the same territory for up to at least 8 yr (Reese 1991) . Because all of the foraging activities of butterflyfishes are directed at the corals within their territories, the establishment and maintenance of a territory must reflect a balance between feeding intensity and coral growth, reproduction and survival. High levels of predation by butterflyfishes (e.g. 575 to 700 bites h -1 fish -1 for the endemic Hawaiian species Chaetodon multicinctus; Hourigan 1987 , Tricas 1989b are indeed capable of reducing coral growth rates (Cox 1986 , Gochfeld 1997 , and even causing coral mortality (author's unpubl.). However, under natural conditions this rarely occurs (Harmelin-Vivien & Bouchon-Navaro 1981 , Hourigan 1987 , suggesting that both butterflyfishes and corals have evolved mechanisms that prevent excessive predation on individual coral colonies within butterflyfish territories. This might be accomplished by butterflyfishes maintaining territories large enough to sustain this repeated grazing (Gochfeld 1997) . Among the cues that butterflyfishes might use to regulate territory size include those relating to coral condition. Using natural butterflyfish predators of Porites compressa in laboratory experiments, I addressed the following questions: (1) Does predation by butterflyfishes induce responses in the coral? (2) Do the observed responses reduce subsequent predation rates? (3) What is the mechanism for the induced response? (4) Is the induced response localized or systemic? Two potentially inducible characters were examined in this study: polyp withdrawal and nematocyst density. Inducible chemical defenses were also examined and are discussed elsewhere (Gochfeld 1997) . These characters were selected because polyp withdrawal in the vicinity of a butterflyfish bite is believed to be the proximate cue responsible for the foraging behavior of these fishes, which take a few bites from a coral colony before moving on to the next colony (Hourigan 1987 , Cox 1991 , and because nematocysts are known to be both important in cnidarian defense (Mariscal 1974 , Bigger 1988 , Stachowicz & Lindquist 2000 and inducible (Hidaka et al. 1987 , Bigger 1988 , Adler & Harvell 1990 , Buss 1990 . Porites compressa possesses both a higher density and larger (Glynn & Krupp 1986 , Tricas 1989a ) nematocysts than do most other Hawaiian corals, and this may be one reason that P. compressa is of low preference to butterflyfishes. Therefore, it was predicted that changes in these characters should affect the rate at which butterflyfish feed on their coral prey and their preferences for these corals, which may have implications for foraging behavior and the size of territories that these fish must defend.
MATERIALS AND METHODS
Animal collection and overview of experimental design. All colonies of Porites compressa were collected from shallow (<1.5 m at high tide) reef flats on patch reefs in Kaneohe Bay, Oahu, HI. Coral-feeding fishes and other corallivores are rarely observed on these shallow reef flats, and therefore initial levels of predation on all colonies were assumed to be both similar and negligible. In addition, Kaneohe Bay is a relatively sheltered embayment and reefs are rarely exposed to high wave action that might damage corals. Corals experienced minimal damage to living tissue during removal from the reefs as only colonies that could be removed from the substratum by hand were used. Corals were placed in buckets of seawater and transported to the Hawaii Institute of Marine Biology on Coconut Island in Kaneohe Bay, where they were maintained in outdoor tanks with flow-through seawater, aeration and a 30% shade cloth cover.
The coral-feeding butterflyfish Chaetodon multicinctus does not occur within Kaneohe Bay, but is found on the deeper reef slope offshore of Kaneohe Bay, where it defends territories composed largely of Porites compressa. Adult butterflyfishes (8.4 to 8.9 cm SL) were collected from 10 to 20 m depth using monofilament hand nets, and were transported to the laboratory in buckets of seawater. Fish were maintained in large outdoor tanks supplied with flowthrough seawater, and were fed live coral colonies collected from the reef flat as needed. Fish were allowed to acclimate to laboratory conditions for a minimum of 3 d before use in any experiments.
All experiments described in this paper utilized a paired design, in which colonies of Porites compressa (ca. 25 cm in diameter) were divided in half using a rock saw. Cutting a colony by this method produces equivalent levels of damage to the cut edge on both colony halves. Tissue heals over the cut within 3 to 4 d (pers. obs.), and does not apparently reduce coral growth, as branches exhibit measurable growth in the 24 h following cutting (J. Stimson pers. comm.). Any potential response of the coral tissue to colony division was controlled for by the paired design and by removing branches for analysis after colony division had taken place. Any changes in defense levels detected in these experiments could therefore be attributed to the effect of the experimental treatments. A separate set of corals was used for each experiment.
Following colony division, the 2 genetically identical colony halves were randomly placed on either side of a 500 l test tank, which was divided in half by a 1 cm 2 mesh Vexar™ screen. Waterborne compounds were not responsible for inducing defenses in this study (i.e. the 'talking trees' hypothesis; Baldwin & Schultz 1983 , Rhoades 1983 , reviewed by Karban & Baldwin 1997) , as both control and grazed colonies were maintained in the same tank at all stages of the experiment, yet defenses were induced in only 1 colony half (see 'Results'). Test tanks were provided with flow-through seawater, aeration and a shade cloth cover. Corals were maintained in the test tanks for 4 d to allow the cut edges to heal, and then an individual Chaetodon multicinctus was added to the experimental (grazed) side of each tank. The screen permitted water to flow freely throughout the tank, but prevented the fish from swimming between the grazed and control (ungrazed) sides of the tank. This paired design eliminated any potential confounding effects of genotypic variation in levels of defenses on treatment outcomes as all comparisons were performed on differences between control and grazed clone-mates.
Short-term defense induction. To determine whether predation by coral-feeding butterflyfishes induces defenses rapidly in Porites compressa, individual corals were exposed to predation for 1 d and were then offered to naïve fish in preference tests on the following day (Fig. 1A) . Colonies of Porites compressa (n = 18) were divided in half and allowed to acclimate to test tanks. Immediately prior to the treatment period, 1 branch was removed from each coral half. Branches were preserved in 10% formalin in seawater for subsequent nematocyst counts (see below). An individual Chaetodon multicinctus was then added to the grazed half of each tank. A separate tank and fish was used for each test coral. Because 1 fish was maintained in a tank with 1 coral during the treatment period, feeding intensity on the experimental coral was much greater than natural levels. To estimate feeding intensity and to establish a relative index of feeding treatment level on each colony, three 15 min observations were made of feeding rates on the grazed corals during the 24 h treatment period. Since feeding rates of C. multicinctus on the reef are relatively constant throughout the daylight hours (author's pers. obs.), these observations were considered sufficient to obtain relative measures of feeding intensity. Feeding rates ranged from 16 to 365 bites h -1 on the grazed corals. At the end of the treatment period, the butterflyfish was removed. One branch was then removed from each coral half and preserved in formalin. The corals were then offered to naïve fish in preference tests (see below).
Long-term defense induction. To test whether there was a lag period between initial predation and defense induction, 11 colonies of Porites compressa received the same treatment as in the previous experiment, except that following the 24 h treatment period, fish were removed and the corals were allowed to regenerate the tissue that was lost to predation (Fig. 1B) . Complete regeneration of small single-polyp wounds in which no skeleton has been removed, such as those produced by Chaetodon multicinctus, requires 7 to 10 d in P. compressa (Gochfeld 1997) . The regeneration period used in this experiment was 11 d. During this period, corals were maintained in the test tanks. At the end of the regeneration period, 1 branch was removed from each coral half and preserved in formalin; corals were then offered to naïve fish in preference tests.
Preference tests. Preference tests were conducted to determine whether naïve fish were able to detect differences in levels of defense among the 18 corals in the short-term induction experiment and the 11 corals in the long-term induction experiment. Individual butterflyfish were placed in 15 gal (56.8 l) glass aquaria with running seawater and several coral colonies, and were allowed to acclimate to the aquaria for a minimum of 48 h. Only fish that were observed feeding during this period were used in preference tests. A different fish was used for each preference test, and all fish were returned to their collection sites at the end of the experiments.
One hour prior to each test, all corals were removed from the aquarium of the test fish. The 2 halves of the test coral were arbitrarily placed at either end of the aquarium, and a Vexar™ mesh cage was placed over each coral so that the fish was not able to feed on the coral. This period provided the coral polyps sufficient time to reemerge following handling, but did not cause 'excessive hunger' in the fish, as this might have affected their prey selectivity (see Cronin & Hay 1996) .
At the end of the hour, the degree of polyp expansion of each coral half was qualitatively scored: expanded (tentacles of all polyps extended beyond the corallum and easily visible to the human observer), partially withdrawn (either tentacles of all polyps were visible but not fully extended beyond the corallum, or some polyps were fully extended, generally at the bases of branches, while others, generally at the branch tips, were withdrawn) and fully withdrawn (no tentacles visible to the human observer).
The mesh cages were then removed and the identity of the coral receiving the first bite was recorded. The 15 min tests began as soon as the fish had taken a bite ('tasted') from both coral halves. During the test, the following behaviors were recorded: number of bites on (n = 12) of Porites compressa were cut in half and a cage was placed over one half of each colony half. The grazed colony half was exposed for 24 h to an individual Chaetodon multicinctus, which could feed only on the uncaged part of the colony half. The control colony half was placed in the same tank, but was protected from predation by a mesh screen that divided the tank in half. (D) Two types of preference tests were performed in the translocation experiment (n = 12). The first tested for defense induction by exposing both previously uncaged parts of the coral halves to a naïve fish. The second tested for defense translocation by exposing the previously caged parts of the coral halves to the fish each coral half, number of head shakes following bites on each coral half, and number of inspections on each coral half. Head shakes were rapid and distinct, occurring immediately following a bite. Inspections occurred when the fish swam over to a coral, examined it closely, but then swam away without feeding and returned to the other coral to feed. The number of bites taken on each coral half, the proportion of bites followed by head shakes on each coral half, and the number of inspections on each coral half were compared using Wilcoxon signed rank tests. The number of times the control versus grazed coral received the first bite was compared using a sign test.
Nematocyst counts. To determine levels of withinand among-colony variation in nematocyst densities, preliminary nematocyst counts were made on 3 branches from each of 5 colonies of Porites compressa. As this pilot experiment was not designed to address the question of induction, nor to compare nematocyst density in these corals with those in the induction experiments, branches were removed immediately following collection. These branches were preserved in 10% formalin in seawater and decalcified in 4% nitric acid. The decalcified tissue was cut open and laid flat. Two 4 mm in diameter cores were removed using a cork borer at a distance of 1 cm from the branch tip. Both cores were combined in a tissue grinder with 1 ml seawater and macerated 40 times. One drop of the resulting slurry was pipetted into each chamber of a Hausser Scientific eosinophil counting slide (2.0 mm 3 per chamber). Nematocysts were counted using a compound microscope at 100×. Nematocysts in 12 chambers were counted from each branch. Only the 2 largest types of nematocysts were counted: holotrichous isorhizas (80 × 15 µm) and microbasic p-mastigophores (30 × 10 µm). These were classified according to Mariscal (1974) and have been described as serving defensive functions (Ewer 1947 , Mariscal 1974 . Nested random factor ANOVAs compared variability in the densities of both types of nematocysts among colonies and among branches within colonies. To determine the number of chambers to count, cumulative mean nematocyst densities for the 12 replicates from each branch were plotted, and it was determined that 6 replicate chambers represented an adequate sample size.
Densities of nematocysts were determined, as described above, from the preserved branches removed from control and grazed coral halves prior to the treatment period and immediately prior to the preference tests (Fig. 1A,B ) in both defense induction experiments. Branches from 6 colonies in the short-term induction experiment and from 11 colonies in the longterm induction experiment were analyzed. Six chambers were counted to produce a grand mean nematocyst density for each branch. Percent change in density of each type of nematocyst in control and grazed corals was compared using Wilcoxon signed rank tests.
Translocation of inducible defenses. To determine whether predation on 1 region of a coral colony could induce defenses in other regions of the colony, 12 colonies of Porites compressa were divided in half and allowed to heal. A mesh cage (1 cm 2 hardware cloth) was constructed to cover one half of each half colony so that the colony was effectively, although not physically, divided into quarters (Fig. 1C) . Just prior to the treatment period, 1 branch was removed from each quarter of the colony and preserved in formalin. The colony halves were then randomly assigned to the control or grazed treatment and placed on opposite sides of a divided tank. The cages were placed over each 'caged' quarter and an individual Chaetodon multicinctus was added to the grazed side of the tank.
Fish were allowed to feed on the uncaged grazed quarters for 24 h. At the end of the treatment period, the fish and all cages were removed and the corals were allowed to regenerate for 11 d (Fig. 1B) . At the end of the regeneration period, 1 branch was removed from each quarter of the colony and preserved in formalin. Both coral halves were transferred to an aquarium containing a naïve fish that had been deprived of food for 1 h. A different fish was used for the preference tests on each of the 12 corals.
Two different preference tests were performed on each colony (Fig. 1D) . To test for the presence of inducible defenses, the cages were replaced on the previously caged quarters of each half coral. This enabled the test fish to feed on the previously uncaged portions of the corals, one of which had been directly exposed to predation during the treatment period. To test for translocation effects, cages were placed over the previously uncaged portions of the corals. This exposed the previously caged quarters, neither of which had been directly exposed to predation; however, if translocation of inducible defenses did occur, the caged quarter of the control coral should be preferred over the caged quarter of the grazed coral. The first test lasted 15 min from the time at which the fish 'tasted' both coral halves. At the conclusion of this test, the cages were switched immediately, and the second 15 min test was conducted using the same fish. Data from the preference tests were analyzed as described for the induction experiments, with data from the 2 types of preference tests analyzed separately.
Percent change in nematocyst density in branches from the 4 treatment groups was arcsin transformed and analyzed by a randomized block ANOVA in PROC GLM (SAS Institute 1990), using coral colonies as blocks. Tukey's multiple comparison tests were then used to compare the means of all treatment groups.
RESULTS

Short-term defense induction
Preference tests
In the short-term induction experiment, preference tests were performed immediately following the 1 d predation treatment. Naïve butterflyfishes directed their first bites to the control coral significantly more often than to the grazed coral (sign test, n = 18, p = 0.0075; Fig. 2A ). Polyp expansion was significantly greater on control corals (10 colonies fully expanded, 6 partly expanded, 2 withdrawn) as compared to grazed corals (12 partly expanded, 6 withdrawn; G-test for independence χ 2 = 17.996, df = 2, p < 0.001; Fig. 3 ). On only 3 occasions did fish feed on the grazed coral first, and in all 3 cases, the 2 colonies displayed a similar degree of polyp expansion. In addition, grazed colonies were inspected without subsequent feeding significantly more often than were control colonies (6.1 ± 4.8 inspections on grazed corals, 1.6 ± 1.6 on controls; Wilcoxon signed rank test, n = 18, p = 0.001; Fig. 2B ).
Although feeding rates during preference tests varied among fish (range 45 to 328 bites per 15 min), fish took significantly more bites on control corals (82.0 ± 19.0%) than on grazed corals (18.0 ± 19.0%) immediately following the predation treatment (Wilcoxon signed rank test, n = 18, p < 0.001; Fig. 2C ). However, the proportion of bites followed by head shakes did not differ between control and grazed corals (2.7 ± 4.6% for controls, 1.6 ± 3.2% for grazed; Wilcoxon signed rank test, n = 18, p = 0.59; Fig. 2D ).
The preference of fish for control corals was stronger during preference tests in which the grazed coral had been exposed to higher levels of grazing during the treatment period. Percent of bites on grazed corals during preference tests immediately following the treatment period was significantly negatively correlated with the level of grazing on those corals during the treatment period ( Fig. 4A ; Spearman rank correlation coefficient = -0.71, df = 9, p < 0.05; Snedecor & Cochran 1967) .
Nematocyst counts
In the preliminary study, a nested random-factors ANOVA on the densities of holotrichous isorhizas indicated significant (p < 0.001) variability among colonies, Table 1A ). There was also significant variability in microbasic p-mastigophores among colonies (p < 0.001), but not among branches within colonies (p = 0.223; Table 1B ). These analyses indicate that although nematocyst density shows a high degree of variability among colonies, variability among branches within colonies is low enough that any effects of the treatments on nematocyst densities should be detectable. Nematocyst counts were performed on both initial and final branches from control and grazed corals for 6 colonies in the short-term induction experiment. The percent change in nematocyst density between initial branches and branches removed immediately following the treatment period was compared for both holotrichous isorhizas and microbasic p-mastigophores. There was no significant difference in the percent change in density of holotrichous isorhizas between the control (+ 6.3 ± 15.4%) and grazed (-7.5 ± 18.7%) corals (Wilcoxon signed rank test, n = 6, p = 0.30). Percent change in density of microbasic p-mastigophores was also not significantly different between control (+ 3.0 ± 9.2%) and grazed (+ 0.94 ± 12.5%) corals (Wilcoxon signed rank test, n = 6, p = 0.30).
Long-term defense induction
Preference tests
In preference tests conducted 11 d following the predation treatment, there was no difference between which colony received the first bite (sign test, n = 11, p = 0.55; Fig. 5A ), and this corresponded to similarities in degree of polyp expansion between the control (6 fully expanded, 5 partly expanded) and grazed corals (4 fully expanded, 7 partly expanded; G-test for independence χ 2 =0.738, df = 2, p > 0.5). There was also no difference in the number of inspections without subsequent feeding on the 2 corals (5.2 ± 3.9 for controls, 4.6 ± 2.4 for grazed; Wilcoxon signed rank test, n = 11, p = 0.66; Fig. 5B ). Fish still took significantly more bites on the control (65.1 ± 19.2%) than on the grazed corals (34.9 ± 19.2%) after the regeneration period (Wilcoxon signed rank test, n = 11, p = 0.021; Fig. 5C ). The proportion of bites followed by head shakes was significantly greater for the grazed corals (8.2 ± 12.2%) than for the control corals (2.6 ± 2.1%; Wilcoxon signed rank test, n = 11, p = 0.045; Fig. 5D ). Percent of bites on the grazed corals during preference tests following the regeneration period was significantly negatively correlated with the level of grazing on those corals during the treatment period (Spearman rank correlation coefficient = -0.63, df = 9, p < 0.05; Fig. 4B ). Nematocyst counts
Nematocyst densities were determined from all 11 colonies from the long-term induction experiment. Percent change in density of holotrichous isorhizas over the course of this experiment did not differ between the control (-5.8 ± 25.6%) and grazed corals (-1.7 ± 32.2%; Wilcoxon signed rank test, n = 11, p = 0.82; Fig. 6A ). Densities of microbasic p-mastigophores increased significantly following the treatment period in the grazed corals (+ 22.3 ± 20.3%; Wilcoxon signed rank test, n = 11, p = 0.037), and this increase was significantly different from the percent change in density of this nematocyst type in the control corals (-0.34 ± 14.3%; Wilcoxon signed rank test, n = 11, p = 0.009; Fig. 6B ).
The percent increase in density of microbasic p-mastigophores in the grazed corals following the regeneration period was significantly positively correlated with the intensity of grazing on those corals during the treatment period (Spearman rank correlation coefficient = 0.773, df = 9, p < 0.01; Fig. 7 ).
Translocation of inducible defenses
Preference tests
Two sets of preference tests were conducted on corals in the translocation experiment. To test for defense induction, the previously uncaged control and grazed coral halves were offered to naïve fish. A preference for one colony over the other in this test indicates that predation during the treatment period caused changes in the coral that affected feeding preferences by the fish 11 d later. In this test, there was no difference in which colony received the first bite (sign test, n = 12, p = 0.39; Fig. 8A ). Grazed corals also did not receive significantly more inspections than control corals (3.5 ± 3.6 for controls, 2.0 ± 1.6 for grazed corals; Wilcoxon signed rank test, n = 6, p = 0.14; Fig. 8B ). For all treatment groups, polyps were expanded to similar Fig. 8C ), and a greater proportion of bites were followed by head shakes on the grazed corals (13.5 ± 12.5% vs 3.1 ± 4.2% on controls; Wilcoxon signed rank test, n = 12, p = 0.021; Fig. 8D ). Translocation across the colony of defenses, or of the stimuli to induce defenses, was tested by offering the previously caged control and grazed coral halves to fish in preference tests. Neither caged half was directly exposed to predation during the treatment period; however, if translocation did occur, fish would be expected to show a preference for the control coral over the grazed coral. No such preference was observed. First bites were distributed equally over both corals (sign test, n = 12, p = 1.0; Fig. 9A ), and there was no difference in the number of inspections on either colony (1.8 ± 1.2 for controls, 2.3 ± 1.2 for grazed corals; Wilcoxon signed rank test, n = 6, p = 0.40; Fig. 9B ). Fish also did not feed more heavily on control corals (47.0 ± 14.7%) than on grazed corals (53.0 ± 14.7%; Wilcoxon signed rank test, n = 12, p = 0.72; Fig. 9C ), and there was no difference in proportion of bites followed by head shakes on either colony (3.4 ± 6.1% for controls, 2.9 ± 2.0% for grazed corals; Wilcoxon signed rank test, n = 12, p = 0.22; Fig. 9D ).
Nematocyst counts
Nematocyst densities were determined for 6 colonies in the translocation experiment. Table 2A shows the percent change in density of holotrichous isorhizas and microbasic p-mastigophores in all treatment groups. There was a significant effect of treatment group on percent change in density of both holotrichous isorhizas (Table 2B ) and microbasic p-mastigophores (Table 2C) . In both cases, the uncaged grazed group showed a significantly greater increase in nematocyst density than did the other 3 treatment groups, which did not differ significantly from each other (Tukey's test with α = 0.05; Table 2A) .
DISCUSSION
This study demonstrated that Porites compressa responds to intense grazing by Chaetodon multicinctus by withdrawal of polyps into the corallum in the short term, and by increasing nematocyst density in grazed parts of colonies in the longer term. Both of these induced coral responses have impacts on butterflyfish feeding behavior and prey preferences. In preference tests performed immediately following the predation treatment period, naïve fish were able to detect differences between corals that had been previously exposed to grazing and ungrazed controls. First bites were directed toward control corals more often than toward grazed corals, and grazed corals were inspected without subsequent feeding more often than were controls ( Fig. 2A,B) . Both of these behaviors indicate that fish could distinguish the quality of the coral by visual means. Butterflyfishes are known to rely on visual cues for locating prey, although chemical or other cues may then determine prey preferences (Alino et al. 1988 (Alino et al. , 1992 . In the short-term, therefore, it appears that the external appearance of the colony contributes to prey selection. Two aspects of colony appearance may play a role here: polyp number and degree of polyp expansion. Although the predation treatment reduced the available number of polyps, most polyps remained on the grazed corals (Fig. 3B ), they were just fully withdrawn into the corallum. The fact that fish still found those corals desirable enough to inspect even when an alternative prey source was readily available, suggests that the reduction in polyps itself was an insufficient deterrent. Indeed, the overall greater degree of polyp withdrawal on the grazed corals reduced the ease with which fish could consume the remaining polyps and forced them to feed on the control corals. When butterflyfishes forage, they take only a few bites from a colony and then move on to feed on another colony (Gochfeld 1997) . This brevity of feeding bouts may increase foraging efficiency as the polyps in the area surrounding a bite withdraw, resulting in an increase in handling time for subsequent bites. This behavior may also distribute feeding across colonies within the territory so that individual coral colonies are not subjected to high levels of predation that might reduce coral productivity. This distribution of feeding activity may maintain feeding at an intensity that is not sufficient to induce increased levels of defenses in a coral colony. Withdrawal of polyps in the vicinity of a bite is believed to serve as the proximate cue for a coral-feeding fish to move on to the next colony (Motta 1980 , Hourigan 1987 , Cox 1991 , Gochfeld 1991 . Polyps need not remain withdrawn for longer than a few seconds before the fish has moved on, and therefore, a brief period of withdrawal following a feeding bout may increase colony fitness, even if polyp withdrawal were to temporarily incur some cost to the colony. Hourigan (1987) found that polyps within a 10 to 15 mm radius of a bite on Porites spp. remain withdrawn for 3 to 6 min following a feeding bout, whereas polyps on P. compressa remained withdrawn for approximately 5 d following intense predation in the present study. The results of this experiment support the contention that polyp withdrawal is the proximate cause of feeding bout brevity on individual colonies. In addition, fish also fed more heavily on the control corals in these preference tests (Fig. 2C) , which may reflect a distastefulness of the coral tissue from the grazed colony or greater efficiency of feeding on the control corals. Since Chaetodon multicinctus feeds on coral polyps without removing any of the coral's skeleton, these fish are presumably able to feed with greater efficiency on corals with expanded tentacles, as they could potentially ingest more energy per bite on fully expanded polyps. Head shakes in cnidarian-feeding fishes are distinctive movements that occasionally occur immediately following a bite, presumably as a response to the mouth being stung by nematocysts (Stachowicz & Lindquist 2000) . The proportion of Chaetodon multicinctus bites followed by head shakes on grazed corals was not greater than on control corals immediately following the predation treatment period (Fig. 2D) , suggesting that nematocyst densities were not higher in the grazed corals than in the controls. Indeed, there was no change in density of either type of nematocyst immediately following the predation treatment period. In addition to the observed differences in polyp behavior, unpalatability of the experimental coral tissue at this time could be the result of elevated levels of chemical defenses (Gochfeld 1997) , which can be induced rapidly (within minutes or hours) in some plants (Edwards et al. 1991 , Karban & Baldwin 1997 , Hammerstrom et al. 1998 . Inducible morphological defenses, on the other hand, generally require at least a few days to develop (Adler & Harvell 1990 , Harvell & Padilla 1990 , although there are exceptions (Kuhlmann & Heckmann 1994) .
After full regeneration of the coral tissue, fish still preferred to feed on the control corals (Fig. 5C ). This preference is apparently not based on visual cues as neither first bites nor number of inspections differed between corals (Fig. 5A,B) , and both polyp presence and the degree of polyp expansion in the 2 corals were similar. The decision to feed more heavily on the control coral occurred only after the fish 'tasted' both colonies. Evidence that the grazed colony was less palatable than the control after the regeneration period comes from the greater proportion of grazed bites followed by head shakes (Fig. 5D ) and the concomitant increase in density of microbasic p-mastigophores in grazed colonies (Fig. 6B) . These nematocysts are localized in the mesenterial filaments (T. Work pers. comm.), and are therefore consumed with the polyp. The induced responses of corals in these experiments support Rhoades' (1979) hypothesis that rapidly induced defenses should be 'qualitative' in nature, since they incur relatively little cost and are effective against a variety of grazers. Delayed inducible responses should involve more 'quantitative' types of defenses. The evolution of a combination of both rapid and delayed inducible defenses may result if a predation threat is continually present (Tollrian & Harvell 1999) . In Porites compressa, the rapid behavioral responses and delayed induction of nematocysts meet these predictions, and presumably act in concert to reduce overall grazing intensity to sustainable levels.
The increase in nematocyst densities in the grazed colony following regeneration of the coral tissue, but not immediately following the predation treatment, probably reflects the time required for the coral to produce new nematocysts or for nematocysts to migrate within the colony. Few studies have addressed the mechanisms of nematocyst production in anthozoans, although migration of nematocysts has been demonstrated in octocorals (Schmidt & Moraw 1982) and hydroids (Campbell 1988 , Robson 1988 , and is presumed to occur in other cnidarians (Buss 1990) . Since this subject has not been examined in scleractinian corals, it is premature to speculate whether the elevated nematocyst densities observed in this experiment result from increased densities in regenerating polyps or in remaining polyps as a result of new cell production or migration of cells from other regions of the polyp or colony.
In response to grazing, defenses may be induced locally in the region of damage or systemically throughout the prey organism (Karban & Baldwin 1997) . This 'translocation' of inducible defenses, or of the cue to induce these defenses, could act to disperse grazing (Agrawal & Karban 1999 , Jaremo et al. 1999 , which may reduce the overall cost of grazing (Edwards et al. 1991 , Karban & Baldwin 1997 , Wold & Marquis 1997 . Corals possess a primitive nervous system and translocation of energy occurs at various scales within a coral colony. Therefore, there exists the potential for translocation of defense induction within coral colonies. Indeed, Hidaka & Yamazato (1984) found that the coral Galaxea fascicularis developed sweeper tentacles not only on the side of the colony facing a competitor, but also on the opposite side of the colony. If translocation of defenses occurred in Porites compressa, butterflyfish would be expected to prefer the caged half of the control coral over the caged half of the grazed coral in the translocation experiment. However, fish did not show a preference, nor did they exhibit a difference in head shake frequency (Fig. 9C,D) , for either caged control or caged grazed corals. Nematocyst density also did not differ significantly between the 2 caged treatment groups (Table 2A) . Horridge (1957) used electrical stimuli to study polyp retraction behavior in several species of corals and found that Porites spp. respond to a single stimulus by withdrawal of polyps within a 4 cm 2 area around the stimulus, and after only a few stimuli, an asymptote was reached at approximately 16 cm 2 . This suggests that translocation, at least by any mechanism requiring the nerve net, is limited to a very localized area in Porites spp. This may explain the absence of translocation of inducible defenses in P. compressa, although it is not impossible to rule out alternative mechanisms of translocation following more sustained stresses. However, Jaremo et al. (1999) suggested that localized defenses are less costly and more beneficial when defenses are effective in small doses or when the expected degree of damage is low, as is most often the case with butterflyfishes that only remove individual polyps.
Physical damage to the coral tissue appears to be a necessary cue for increased nematocyst density, as disturbance of the coral without associated tissue damage did not induce changes similar to those observed in response to grazing. Other types of physical damage to Porites spp. tissue also appear sufficient to cause increases in nematocyst densities. Aeby (1998) found elevated densities of microbasic p-mastigophores in Porites compressa polyps infected by cysts of a digenetic trematode, as compared to uninfected polyps, and Porites lobata accumulated a high density of holotrichous isorhizas on the oral surface where algal filaments had become 'rooted' in the coral epidermis (C. Hunter pers. comm.). Thus, increased densities of nematocysts may serve as a generalized defense against or response to tissue damage, rather than a specific defense against grazers.
Inducible defenses are generally predicted to occur in organisms that are exposed to unpredictable or intermittent periods of predation (Harvell 1990 , Haukioja 1990 , although temporal variability in grazing pressure is not always considered necessary for the evolution of inducible defenses (Jaremo et al. 1999) . Clearly, corals living within territories of long-lived butterflyfishes would ordinarily experience relatively constant levels of predation pressure. However, under certain circumstances, individual coral colonies could be exposed to elevated feeding intensities. This might occur under conditions of reduced food supply, reduced territory size, or increased rates of territory intrusion by other coral-feeding fishes, any of which might be due to overall deterioration in the condition of the coral community (Hourigan 1987 , Tricas 1989b , Gochfeld 1997 . In general, the intensities of predation to which individual coral colonies were exposed in these experiments were significantly greater than levels of predation by Chaetodon multicinctus on individual coral colonies on the reef. On Hawaiian reefs, individual colonies of Porites compressa within C. multicinctus territories are revisited a maximum of once or twice per hour, with only a few bites taken at a time (pers. obs.). Therefore, the lowest intensity of feeding during the treatment period in the defense induction experiments most closely resembles the natural situation. These lower treatment levels did not result in as strong a preference for control corals as did colonies exposed to higher treatment levels (Fig. 4) , suggesting that corals are able to tolerate such levels of grazing with minimal fitness costs. These correlations, when considered with the positive correlation between grazing treatment level and percent increase in nematocyst density (Fig. 7) , suggest that a coral colony exposed to predation above some threshold intensity is likely to produce increased densities of nematocysts. Coralfeeding butterflyfishes are able to detect such changes in behavior and palatability of their food resource and these reduce the quality of that colony as food.
Many herbivores have evolved foraging behaviors that allow them to circumvent plant defenses (reviewed by Futuyma & Keese 1992 , Karban & Baldwin 1997 . Whitham (1987) proposed that territoriality among herbivores may have evolved as a counteradaptation against plant defenses, and this seems likely among butterflyfishes as well. If corals increase their defenses in response to high levels of grazing, the evolutionary response of corallivores could well be the development of a mechanism that limits their density and distributes individuals more uniformly over the reef. Indeed, butterflyfish territories may need to be larger than would be required simply to include sufficient food to meet the metabolic needs of the resident fishes, but maintenance of large territories also incurs costs in terms of defense from intruders. The sizes of butterflyfish territories often vary inversely with coral abundance (Reese 1981 , Sutton 1985 , Hourigan 1987 , Hourigan et al. 1988 , Tricas 1989b , Wrathall et al. 1992 , and butterflyfishes may respond to changes in coral abundance by concomitant adjustments in the size of their territories (Hourigan 1987 , Tricas 1989b , Gochfeld 1997 ). This variation in territory size may be the mechanism by which fish can control the amount of food to which they have access, and information from the corals themselves may provide essential cues for determining territory size. Indeed, polyp withdrawal and induced defenses could provide rapid and reliable feedback relating to coral condition. Territoriality could thus maintain grazing levels on individual coral colonies below an intensity that would both prevent corals from regenerating and induce defenses in those corals. Since territorial butterflyfishes rely on the same corals for food for many years, maintaining a sustainable quantity of high quality food is crucial to their survival.
